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eduction of the effect of aberrations in a
oint-transform correlator

ulio Pérez-Tudela, Ignasi Juvelis, Mario Montes-Usategui, Santiago Vallmitjana, and
rtur Carnicer

We report the study of the influence of optical aberrations in a joint-transform correlator: The wave
aberration of the optical system is computed from data obtained by ray tracing. Three situations are
explored: We consider the aberration only in the first diffraction stage �generation of power spectrum�,
then only in the second �transformation of the power spectrum into correlation�, and finally in both stages
simultaneously. The results show that the quality of the correlation is determined mostly by the
aberrations of the first diffraction stage and that we can optimize the setup by moving the cameras along
the optical axis to a suitable position. The good agreement between the predicted data and the exper-
imental results shows that the method explains well the behavior of optical diffraction systems when
aberrations are taken into account. © 2004 Optical Society of America

OCIS codes: 070.2580, 080.1010, 070.4550, 100.4550.
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. Introduction

ptical correlation is an image-recognition method
hat has been the object of numerous studies for sev-
ral years. This method is successful in determin-
ng the position of a specific pattern inside a complex
cene. Optical correlation techniques are based on
ptical generation of the Fourier transforms �OFTs�
f images by means of diffraction. This diffraction
an be generated by use of either of two standard
etups: the VanderLugt correlator1 or the joint-
ransform correlator2 �JTC�, which have been widely
nalyzed and compared.3,4

Usually, when the performance of a correlator is
nalyzed, its optical systems are considered perfect;
.e., authors do not take into account the optical
berrations introduced by lenses associated with
onparaxial working conditions. In several papers,
berration problems in optical Fourier trans-
ormers5–8 and even in correlators9,10 have been an-
lyzed. However, these papers are somewhat
isappointing in that they do not consider the effects
f the aberrations on the correlation. In a previous
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aper11 we presented an analysis of a convergent
iffractometer with the object located behind the op-
ical system �the converging architecture allows con-
rol of the scale of the Fourier transform by displacing
he object along the optical axis�. Using a combina-
ion of ray and wave optics, we studied the behavior
f a VanderLugt correlator that was partially affected
y aberrations.
Our aim in this paper is to analyze the aberration

ffects in the other popular architecture, the JTC.
e study how the correlation light distribution is

ffected by the aberration introduced by the optical
ystems. In a JTC the correlation is obtained in two
ourier-transform steps: in the first one, a joint
ower spectrum �JPS� is generated; the second one
ields the correlation. We take into account the in-
uence of the aberrations in each OFT and the global
ffect over the correlation. Using the results ob-
ained in this study, one can deduce the best working
onditions for an optical system; moreover, it is pos-
ible to compare different optical systems when they
re working in their optimal conditions.
The paper is divided into the following sections:

n Section 2 the convergent JTC is reviewed, and in
ection 3 we present a method of computing wave
berrations that is based on ray tracing and diffrac-
ion analysis. Then we take into account the aber-
ations introduced by two optical systems, namely, a
ingle-meniscus lens and a highly corrected system.
ome comparisons between theoretical predictions
nd experimental results for the first system are pre-
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 841
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ented. Finally, we show how to optimize previous
esults to ensure the best performance for an optical
orrelator.

. Convergent Joint Transform Correlator

igure 1 shows a schematic of a convergent JTC: A
ideo camera captures the scene, which is then dis-
layed side by side with the reference image on a
patial light modulator �SLM� placed at the input
lane. At the Fourier plane a CCD camera captures
he JPS and displays it on a second modulator; fi-
ally, a camera placed at the correlation plane cap-
ures the result.

We analyzed the arrangement in which each OFT
s obtained by means of a converging-beam system
see Ref. 3 for a detailed discussion of the advantages
f this system�. The Fourier lens is illuminated by a
pherical diverging wave front generated by a point
ource �pinhole�, and the OFT is found at the image
lane of the source. The optical modulators are
laced behind the Fourier lens. The scale of the
ourier transform depends only on the distance be-

ween the modulator and the image plane,12 so, by
uning this distance, one can easily adapt the size
nd resolution of the diffraction patterns to those of
he CCD camera. Fourier transforms obtained in
his way are affected by a multiplicative phase factor,
ut that is of no importance here because the JTC
anipulates only intensity distributions.
The JTC architecture is composed of two conver-

ent diffractometers, each with a light modulator and
CCD camera. The intensity distribution captured

y the camera in the first diffraction stage is dis-
layed on the modulator in the second stage, and thus
he JTC setup can be implemented by use of a single
iffractometer.13 The JPS is displayed on the input
LM, and the CCD captures the correlation. If a
ingle diffractometer is used, the OFTs of the input
istribution and that of the JPS are performed with
he same optical system and, consequently, they will
e affected by the same aberration. Nevertheless,
e demonstrate that, even in this case, the variation

n the distance between the modulator and the CCD
ermits the reduction of the influence of aberrations.

. Method of Wave-Aberration Computation

e study here the diffraction stage, that is, a con-
erging setup with the diffracting aperture placed

Fig. 1. Convergent JTC.
42 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
ehind the lens. Therefore a sketch of the system
nder analysis is that shown in Fig. 2, composed of
he following elements:

• A coherent-light source �laser� of wavelength �.
• A point light source �pinhole� that generates the

iverging spherical wave front.
• The optical system that generates the converg-

ng spherical wave front.
• A SLM, placed behind the optical system, which

isplays the image to be transformed.
• The Fourier plane, placed a distance D from the
odulator, at the image plane of the light source.

The SLM placed behind the lens limits the wave
ront passing through the system; i.e., it acts as the
xit pupil. We compute the complex amplitude dis-
ribution at the Fourier plane through the propaga-
ion of the wave aberration at the exit pupil. Here,
e assume that all diffracting effects are associated
ith the pupil. Lenses and other stops in the system
re assumed to be large enough not to cut the wave
ront significantly, so propagation of light can be ac-
urately described by geometrical optics from the
ight source to the SLM �Abbe–Rayleigh theory of
mage formation14�. Thus, discarding irrelevant
onstant phase terms for the sake of clarity, we can
rite the light distribution U�x�, y�� at the image
lane �our Fourier plane�, in a Fresnel approxima-
ion, as15

U� x�, y�� � exp��i�� x�, y��� 		
Aper

f � x, y�

� exp�i2
�xx� � yy�

�R ��dxdy, (1)

here ε�x�, y�� is a quadratic phase term:

�� x�, y�� �
2


� �x�2 � y�2

2 R � (2)

nd f �x, y� is the generalized pupil function:

f � x, y� � t� x, y�exp�i
2


�
W� x, y�� , (3)

here t�x, y� is the pupil transmittance �the image
isplayed on the modulator� and W�x, y� is the wave
berration, that is, the optical path difference be-
ween the wave front generated by the optical system
nd the reference sphere �see Fig. 3�. It is clear from
qs. �1� and �3� that the quality of the intensity of the

Fig. 2. Sketch of the diffraction system.
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ourier transform of t�x, y� depends only on wave
berration W�x, y�.
The evaluation of W�x, y� is carried out by means of

n exact ray-tracing algorithm, which computes the
berration at different points of the exit pupil accord-
ng to the relations between wave aberration and ray
berration16:

�W� x, y�

� x
� �

X
R � W

,
�W� x, y�

� y
� �

Y
R � W

,

(4)

here X and Y are the components of the ray aber-
ation �difference between the actual impact point
nd that predicted by paraxial optics� and R is the
adius of the reference sphere. The ray-tracing al-
orithm thus evaluates the wave aberration at dis-
rete points, those that result from the intersection of
he traced rays with the exit pupil plane. The com-
utation of W�x, y� on the entire pupil is carried out
y interpolation of the discrete values with an aber-
ation polynomial of the type17

W� x, y� � A1� x2 � y2� � A2� x2 � y2�2

� A3� x2 � y2�3 � . . . , (5)

here only terms that express radial symmetry have
een included in the expansion because the diffrac-
ion stage works with a point source located at the
xis of the optical system. If we neglect wave aber-
ation W �a few wavelengths� in front of R �several
entimeters in our case�, Eqs. �4�, after differentiation
f Eq. �5� with respect to x and y, become

�
X
R

� 2 A1 x � 4A2 x� x2 � y2� � 6A3 x� x2 � y2�2

� . . . ,

�
Y
R

� 2 A1 y � 4A2 y� x2 � y2� � 6A3 y� x2 � y2�2

� . . . . (6)

or each traced ray we have two linear equations
ith k unknowns, A , A , . . . , A , the coefficients of

ig. 3. Schematic diagram showing an aberrated wave front and
ts reference sphere.
1 2 k
he aberration polynomial. The remaining informa-
ion �ray aberrations, ray intercepts at the exit pupil�
re all available through the ray-tracing algorithm.
e typically compute several rays �n � k� and obtain

n overdetermined set of linear equations, which is
hen solved by minimization of the quadratic error
etween the two sides of Eq. �6�. Once the coeffi-
ients of the aberration polynomial have been found,
he generalized pupil function is computed according
o Eq. �3�. Finally, the distribution of light at the
ourier plane is obtained by transformation of the
upil function by means of a discrete Fourier-
ransform algorithm.

. Optical Systems and Experimental Configuration

o analyze the behavior of the correlator as a function
f the degree of aberration, we have taken two differ-
nt optical systems with the same focal length into
onsideration. The first one consists of a single-
eniscus lens and the second one is a more-complex

ystem �Meopta objective�, with four lenses and bet-
er optical quality. See Tables 1 and 2 and Fig. 4 for
etails.
The target used for detection is the image of a fish.

he scene is the same fish displayed at eight positions
n the input modulator to produce input images with
ariable amounts of aberration and to permit the loss
f spatial invariance in the correlator to be investi-
ated. The target is placed at the center. Figure 5
hows the centered target and the eight scenes su-
erimposed.
Note that, as we are dealing with aberrated optical

ystems, we do not have an exact Fourier transform
t the image plane of the light source but only an
pproximation. This means that we are not re-
uired to use that plane as the Fourier plane of the
orrelator. Defocusing may compensate to some ex-
ent for the aberrations of the optical system; there-
ore a better approximation of the Fourier transform
ay be found at a different position along the optical

xis. Such has indeed been our experience, as we
how in the following results. Figure 6 shows plots
f the wave-aberration polynomial for different posi-
ions of the Fourier plane as a function of radial
oordinate r:

r � � x2 � y2�1�2. (7)

he eight positions of the scene are indicated by ver-
ical lines. Figure 6�a� �meniscus lens� shows six
berration polynomials that correspond to the parax-
al plane and six positions of the image plane. Fig-

Table 1. Meniscus Lens Data

Radii for Lens 1 �mm�a

Medium

Thickness
Index �Abbe

Number�

R1  �128.26 R2  �59.37 5.44 mm n1  1.523 ��d  59�

aFocal length, 206.5 mm.
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 843
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8

re 6�b� �meopta objective� shows five aberration
olynomials at different planes that correspond to the
araxial distance and four other positions. Dis-
ances are given with respect to the paraxial image
osition of the point source: The paraxial plane is
 0; planes farther away from the lens than the

araxial plane take positive values, and closer planes
ake negative values.

To verify the validity of the method we designed an
xperimental on-axis JTC. Our aim in using this
etup was to reproduce the simulated working condi-
ions as closely as possible, so the meniscus lens de-
cribed in Table 1 was used as the diffractive system.
he light source was a He–Ne laser ��  632.8 nm�

ocated at the object plane �Fig. 4�a��, and a CCD
amera was placed at the image plane. The image to
e transformed, which included the fish to be de-
ected and the centered reference fish, was located at
he exit pupil and was obtained in the form of a
hotographic negative to prevent the appearance of
ny undesirable effects from electro-optical elements.

. Effects of Aberrations on the Correlation Results

he method allows us to isolate the effect of aberra-
ions in each of the two Fourier-transform steps in-
44 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
olved in a JTC and to study how they separately
ffect the final correlation.

. Effects of Aberrations in the First Diffraction Stage

o evaluate how the aberration of the first diffraction
tage affects the final correlation, we captured the
PS with a CCD camera placed at the image plane
nd then transformed it by means of a fast-Fourier-
ransform algorithm. This procedure isolates the ef-
ect of the aberrations that arise in the first
iffraction stage, inasmuch as the second Fourier
ransform is digital and thus without aberrations.
he values of the correlation peak heights are com-
ared to those that result from the aberration-free
ase.

Figure 7 shows the relative height of correlation
eaks, that is, the ratio between the correlation value
or which aberrations are considered only in the first
iffraction stage and that of an ideal correlator with
o aberrations. Different scene positions and cap-
ure planes for the JPS are represented in the figure.

Figure 7�a� corresponds to the simulated results
btained, and Fig. 7�b� shows the experimental re-
ults. From an analysis of these figures it can be
oncluded that the peak heights in the paraxial plane
xhibit an unstable behavior; that is, the results show
Fig. 4. �a� meniscus lens, �b� meopta objective.
 Fig. 5. Centered target and eight scenes superimposed.
Table 2. Meopta Objective Dataa

Radii �mm�

Media

Thickness �mm� Index and �Abbe Number�

Lens 1 R1  283.19 R2  �389.42 17.9 n1  1.61375 ��d  59�
Air 1.38

Lens 2 R3  100.93 R4  302.47 30.96 n2  1.620410 ��d  62�
Air 11.02

Lens 3 R5  �169.45 R6  80.59 10.32 n3  1.717360 ��d  62�
Air 24.78

Lens 4 R7  476.44 R8  �86.32 24.78 n3  1.620410 ��d  62�

a
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strong spatial variance. The peak values decrease
uickly when the target is far off the center of the
cene. If we move away from the paraxial plane
d  �12 mm� the behavior is even worse. Never-
heless, if we come closer to the system, the height of
he peaks becomes more stable. The best results are
btained for d  �15 mm, where the peak values are
table for targets in a fairly large neighborhood near
he center of the scene.

One can obtain stable behavior of the correlation
eak values by choosing a suitable plane, closer to the
ens than the paraxial plane, with which to capture
he OFT. However, for targets located far from the
enter of the scene, total invariance of the height of
he peaks is not possible.

ig. 6. Aberration polynomial for several image planes �a� for a
eniscus system and �b� for a meopta objective. The eight posi-

ions for the scene are indicated by vertical lines.
. Effects of Aberration in the First and Second
ransforms

n this section we describe aberration in both the
rst and the second transforms. In this case we
ave two transforms and consequently two possible
ositions of the image plane. Nevertheless, we
ave considered the position of the Fourier plane to
e the same in both steps. This corresponds to the
ractical case in which a single optical setup is used
wice sequentially13 �as opposed to two different
tages in series�.
The experimental process developed in this situ-

tion is different from that described in Subsection
.A in that the second transform is not digital.
he JPS captured by the CCD camera is printed

ig. 7. Relative height correlation peaks. Aberration in only
rst OFT. meniscus lens: �a� simulated results, �b� experimen-
al results.
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 845
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nd transformed into a photographic negative.
his image is located at the exit pupil of the JTC,
nd then the correlation image is obtained at the
mage plane. Finally, we analyze the images to
btain the relative values of the correlation peak
eights as before.
In Figs. 8�a� and 8�b�, respectively, simulated and

xperimental results are presented. It can be ob-
erved that the curves have a behavior similar to
hose shown Figs. 7�a� and 7�b� but with a notice-
ble decrease in their values. The curve that cor-
esponds to the paraxial plane �d  0� shows the
argest variation, and, in contrast, that which cor-
esponds to �15 mm is almost constant. This in-
ariance, as in the preceding case, can be attributed

ig. 8. Relative height correlation peaks. Aberration in first and
econd OFTs. Meniscus lens: �a� simulated results, �b� experi-
ental results.
46 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
o the aberrations in the first transform. The ef-
ect of aberrations in the second transform is a
lobal decrease of the curves: the curve that cor-
esponds to the paraxial plane goes down by
oughly 30% �from approximately 100% to 70%�,
nd the one that corresponds to plane at �15 mm
oes from some 90% to 50%.
Then, considering all the aberrations and the var-

ous capture positions for the CCD, it is possible to
nd a plane in which the spatial invariance is pre-
erved. However, the values of correlation maxima
ecrease because of the effect of aberrations in the
econd OFT. It is worth mentioning that this is a
eneral pattern, whether or not the first transform is
lso affected by or free from aberrations. That is
hy we do not include a separate study of the aber-

ations in the second diffraction stage only. The
eaks behave in the same way as in the aberration-
ree case, except that they are lower.

. Optimization of the Position of the Image Plane

n Subsection 5.B we analyzed the effect of the aber-
ations on the height of the correlation maxima when
he detector at the Fourier plane is placed at the same
osition in both transforms. One also can move the
etector to various positions and acquire the JPS and
he correlation at different distances from the parax-
al plane. This corresponds to the experimental sit-
ation of operating with two diffracting setups or
ith a single processor and moving the position be-

ween the two transforms.
From Fig. 7�a� we have seen that the best condi-

ions for correlation appear when the power spectrum
s obtained in a plane located at �15 mm from the
araxial spectrum. We kept this position fixed and
ptimized the capture position of the second trans-
orm. The results obtained are those shown in Fig.
. Here the first OFT is captured at �15 or �17 mm
nd the second OTF is acquired at a different plane.

ig. 9. Relative height correlation peaks. Meniscus lens. Dif-
erent image plane positions in first and second transforms.
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s can be seen, by choice of a suitable combination of
he positions of the acquisition planes it is possible to
btain higher values of correlation peaks as well as a
arger degree of spatial invariance �curves d  0 and

 �15 in Fig. 7�a� are also included here for com-
arison�. The best combination of planes corre-
ponds to a first transform at d  �15 mm and to the
econd one at d  �4 mm.

. Highly-Corrected Optical System

he experimental verification presented above allows
s to ensure that the method developed is a good
odel of the diffractive behavior of optical systems

sed in the correlation process. The next step was to
pply the method to more-sophisticated systems and

ig. 10. Relative height correlation peaks. Meopta objective
simulated results�: �a� aberration in first OFT only, �b� aberra-
ion in first and second OFTs.
o determine whether the effects observed in the cor-
elation, when one is working with a single-meniscus
ens, still appear when a system with a better optical
uality is used. To take the second step we repro-
uced the whole process explained in Section 4 as we
orked with the meopta objective described in Table
and Fig. 4�b�. The results obtained were almost

he same as those obtained for the meniscus lens, as
hown in Figs. 10 and 11.
For Fig. 10�a� we considered aberration only in the

rst diffraction stage. It can be observed that, at
 0 mm, the heights of the peaks vary with target

osition; at d  �5 mm this effect is still more evi-
ent. When the OFT is evaluated at d  �4, �8,
12 mm, however, the peak values are more stable.
s can be seen, the best behavior is obtained when

he plane is placed at d  �4 mm. As the meopta
bjective is a better optical system than the single-
eniscus lens, the more suitable plane is found closer

o the paraxial plane, and global stable behavior can
e achieved.
If the aberrations in the two diffraction stages are

onsidered �Fig. 10�b��, we can also attain invariance
f the correlation values by changing the position of
he image plane �at d  �4 mm� in the first Fourier
ransform. However, the effect of the aberrations in
he second transform decreases the value of the cor-
elation peak heights from 100% to some 65%.

Finally, as can be seen from Fig. 11, it is also pos-
ible to find a combination of acquisition planes that
ncreases the values of correlation peaks without los-
ng the spatial invariance. In this case the best com-
ination corresponds to a first transform captured at
 4 mm and the second one at d  1, 2 mm. Based

n these results, it can be concluded that the behavior
f a well-corrected optical system does not differ sig-
ificantly from that observed for the single-meniscus

ens. Nevertheless, as presumed, the effects of the

ig. 11. Relative height correlation peaks. Meopta objective.
ifferent image plane positions in first and second transforms.
1 February 2004 � Vol. 43, No. 4 � APPLIED OPTICS 847
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berrations of the diffractive system in the final cor-
elation were not so marked as in the previous case.

. Conclusions

e have analyzed the effect of the aberrations asso-
iated with optical systems in a joint-transform cor-
elator with a converging diffractometer architecture
y computing the wave aberration by exact ray trac-
ng. As the JTC has two identical Fourier-
ransform optical setups, we studied the effect of the
berrations in each one separately by both simulation
nd experiment.
We analyzed the global effect over the height of the

orrelation maxima. One of the problems that we
ound is that the presence of aberrations produces a
pace-variant output. To study this effect we used
cenes with the target placed at eight different posi-
ions with respect to the reference image.

We obtained the first set of results by considering
he influence of the aberrations only in the first op-
ical Fourier transform �joint power spectrum� and
onsidering the second OFT perfect. In these condi-
ions the main relevant conclusions are that

• If we place the first Fourier plane �correspond-
ng to the power spectrum� at its theoretical paraxial
osition, the final correlation is strongly space vari-
nt, that is, the height of the correlation peak de-
ends on the position of the scene image.
• If we slightly move the plane of the device that

aptures the power spectrum from the paraxial posi-
ion, the variations of the correlation output can be
ecreased.
• It is possible to find a Fourier plane position
here aberrations have almost no effect and the cor-

elation peak height is nearly invariant within a
airly large neighborhood. For the single-lens sys-
em �meniscus lens�, the peak value invariance is
chieved only for five of the eight tested target posi-
ions. Better performance is obtained �full invari-
nce for those eight positions�, however, when the
eopta objective is used.

In the second step we considered the influence of
he aberrations in both OFTs. First we considered
hat the position of the detector is the same in each
ransform. This situation corresponds to the exper-
mental setup in which the two transforms are cap-
ured sequentially in the same optical bench. In this
ituation we conclude that

• The behavior of the correlation is analogous to
hat in the previous situation: It is possible to find a
osition for locating acquisition planes where the
pace-variant effect related to paraxial distance de-
reases. The heights of all the correlation peaks re-
ain almost constant but lower: approximately

0% �meniscus lens� and 65% �meopta objective� of
he heights that correspond to theoretical values �ab-
rration free�.
48 APPLIED OPTICS � Vol. 43, No. 4 � 1 February 2004
The simulated behavior of one of the optical sys-
ems �meniscus lens� has been corroborated by means
f an experimental setup that reproduced the same
wo configurations, namely, when the aberration ap-
ears only in the first diffraction stage and when both
ransforms are taken into account. The good agree-
ent between experimental and numerical results

roves the value of the method in predicting the in-
uence of optical aberrations in the final correlation

or real systems.
Finally, we combined different displaced positions

f the OFT acquisition planes, with the following con-
lusion:

• Among all possible combinations it is possible to
nd one optimal trade-off position at which the cor-
elation peaks are space invariant despite the pres-
nce of aberrations. With this configuration, all
eaks are �70% �meniscus lens� or 80% �meopta ob-
ective� of the value without aberration.

In summary, the aberrations of Fourier-
ransforming optical systems used in a JTC
trongly affect the correlation results. The aber-
ations on the first transform induce space variance
n the final correlation, and the aberrations on the
econd transform produce a global decrease in the
eights of the correlation peaks. The experiments
erformed corroborate this behavior. By selection
f a suitable combination of positions of the two
cquisition planes it is possible to compensate for
oth effects and to find an optimal configuration in
hich the correlation peaks are sharp and almost

nvariant.
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